Alhagi cellulose tartrate (ACT) with a high carboxyl group content was prepared by treatment of Alhagi residues (AR) with tartaric acid (TA) at high temperature. Factors influencing the reaction were investigated, viz. tartaric acid concentration, dehydration temperature, particle size and dehydration time. The prepared Alhagi cellulose tartrate samples were characterized using FT-IR spectroscopy and by estimation of the carboxyl group content. The esterified samples were utilized for the adsorptive removal of Zn(II) ions from aqueous solution with all the factors influencing the process being studied. These factors were the pH value of the adsorbate solution, the adsorbent concentration, agitation time and temperature.
INTRODUCTION
Heavy metals are toxic to aquatic flora and fauna, even in relatively low concentrations. Zinc occurs in Nature as the sulphide, carbonate, silicate and oxide. The main source of zinc in wastewater is discharging waste streams from metal, chemical, pulp and paper manufacturing processes, steel works with galvanizing lines, zinc and brass metal works, zinc and brass plating, etc. The WHO have recommended the maximum acceptable concentration of zinc in drinking water as 5.0 mg/ᐉ. Nowadays, effluent treatment is one of the most important targets for industry and other institutions. Different alternative methods have been developed for the purification of water and wastewater contaminated by heavy metal ions. The most commonly used methods for the removal of metal ions from industrial effluents include chemical precipitation, solvent extraction, oxidation, reduction, dialysis/electrodialysis, electrolytic extraction, reverse osmosis, ion exchange, evaporation, dilution, adsorption, filtration, flotation, air-stripping, steam-stripping, flocculation, sedimentation, soil flushing/washing, chelation, etc. The most common of these alternatives is chemical precipitation. However, the process has some limitations notably cost, low efficiency, labour-intensive operations and a lack of selectivity in the precipitation process (Gaballah and Kilbertus 1998) . Interest in the development of cost-effective methods for the removal and recovery of heavy metals from contaminated water has increased greatly because of the ecological awareness of the role of metals in the environment. A number of methods for metal-ion removal from wastewaters have been used, but most have several disadvantages such as the continuous input of chemicals, high cost, toxic sludge generation or incomplete metal-ion removal (Kadirverlu et al. 2001) .
Activated carbon is a very efficient solid sorbent in many different applications. However, it is expensive and the need for an alternative low-cost sorbent has encouraged the search for new sorption processes. Lignocellulosic materials have been used in order to obtain a cheaper adsorbent. Agricultural by-products (Hashem et al. 2006 (Hashem et al. , 2007c have received attention for these types of applications. Some chemical modifications can improve the adsorbent behaviour of these materials. Thus, modification reactions, including cross-linking, etherification, esterification and graft copolymerization, have been attempted as a means of enhancing the stability of the adsorbent and increasing its adsorption capacity.
In our laboratory, we have been involved for quite some time in developing various types of agricultural wastes for the removal of heavy metal ions from wastewater (Hashem et al. 2005 (Hashem et al. , 2006b (Hashem et al. ,c, 2007a Abdel-Halim et al. 2006 ). The present work was directed at improving the capability of Alhagi residues for removing Zn(II) ions from aqueous solutions. To achieve this goal, the following studies were undertaken: (a) preparation of Alhagi cellulose tartrate (ACT) through a study of all the factors affecting modification of Alhagi residues using tartaric acid to obtain esterified products with a high carboxyl group content, (b) establishment of the conditions under which the maximum adsorption of Zn(II) ions onto ACT occur and (c) evaluation of the kinetic and thermodynamic parameters for Zn(II) ion adsorption onto ACT.
EXPERIMENTAL

Materials
Alhagi residues (AR) are derived from a desert plant which was obtained from the Sebha desert, Libya. Samples of AR were ground, passed through 100-200 µm sieves, washed with distilled water until the filtrate was colourless and then dried in an electric oven at 60°C for 3 h. Analysis results for Alhagi residues are listed in Table 1 . The adsorbent was characterized by FT-IR spectroscopy and by estimation of its carboxyl group content. Tartaric acid, zinc acetate, EDTA, sodium carbonate, ethanol and acetic acid were all used as laboratory grade chemicals.
Methods
Preparation of ACT
Alhagi cellulose tartrate (ACT) was prepared employing the following method. To a beaker containing 2 g of AR with particle sizes in the range 100-200 µm was added a know weight of tartaric acid (dissolved in the least amount of water) under continuous stirring with a spatula until a homogeneous paste was obtained. The paste was then transferred to a Pyrex Petri dish and placed in an air-circulated oven at 100-150 o C for a know length of time. The thermally treated sample was subsequently cooled to room temperature and ground. The soluble by-products and any unreacted tartaric acid were removed by washing the sample several times with a water/ethanol (20:80) mixture for 2 h, with the final purified material being dried at 60 o C for 2 h.
Adsorption experiments
Batch adsorption studies were performed at different temperatures (30, 40 and 50°C) to obtain the corresponding equilibrium isotherms. For such isotherm studies, a series of 125 mᐉ volume Erlenmeyer flasks was employed. Each flask was filled with a 100 mᐉ sample of Zn(II) ion solution whose concentration was in the range 100-1250 mg/ᐉ. The pH of the solution was adjusted through the use of acetic acid and sodium carbonate solutions. A known weight of ACT was added to each flask and the contents agitated at 30 o C in a thermostatted water bath at 150 rpm for 2 h. At the end of this time, the Zn(II) ion solutions were separated from the adsorbent by filtration. Blank experiments without adsorbent addition were carried out simultaneously. The percentage removal of Zn(II) ions and the corresponding adsorption capacity, q e , of ACT towards Zn(II) ions were determined by measuring the concentration of the remaining Zn(II) ions in the resulting filtrate by direct titration against standard EDTA solutions and calculated using the following relationships:
(1)
where C 0 and C e are the initial and equilibrium liquid-phase concentration (mg/ᐉ), respectively, V is the volume of the solution (ᐉ) and W is the weight of ACT employed (g).
Analysis
FT-IR spectroscopy
The FT-IR spectra of AR and ACT were recorded employing a PerkinElmer Spectrum 1000 spectrophotometer over the 4000-400 cm -1 range using the KBr disc technique. 
Carboxyl group content
The carboxyl group content of ACT was determined according to a method reported previously (Dual et al. 1953) .
RESULTS AND DISCUSSION
FT-IR spectra
The FT-IR spectra of AR and ACT are illustrated in Figures 1(a) and (b), respectively. The difference in the fingerprint regions of the spectra is clear and confirms the esterification process. Figure 1 (a) shows peaks at 3397 cm -1 and 1637 cm -1 , characteristic of the hydroxy group and carbonyl group of Alhagi cellulose, respectively. Figure 1 (b) shows the appearance of new peak at 1754 cm -1 characteristic of the carboxylic acid ester due to the formation of ACT after thermal treatment with tartaric acid. The FT-IR spectrum in Figure 1 (b) also exhibits broadening at 3427 cm -1 due to hydrogen bonding between the -OH group of the carboxylic acid and -OH groups in the cellulose chains of AR. Figure 2 shows the dependence of the degree of esterification of AR on the concentration of tartaric acid. The data depicted in the figure show that the carboxyl group content increased significantly from 120 to 483.4 mequiv/100 g sample on increasing the concentration of tartaric acid from 1.67 to 14.99 mmol/ᐉ, and then remained at approximately the same level for higher tartaric acid concentrations. The increase in the carboxyl group content on increasing the tartaric acid concentration may be attributed to the greater availability of tartaric acid molecules in the proximity of the Alhagi cellulose macromolecules. The latter were converted to the corresponding anhydride through dehydration under the effect of high temperature. The hydroxy groups in the cellulose molecule are essentially the functional sites at which the esterification reaction occurs. Since these groups are immobile, it is essential that there should be a greater availability of tartaric acid molecules in the vicinity of the cellulose hydroxy groups if reaction is to occur. This requirement is fulfilled at higher concentrations of tartaric acid. The anhydride obtained reacts with the cellulose hydroxy groups of AR to form ACT. The levelling out of the carboxyl group content at higher tartaric acid concentrations (> 14.99 mmol/ᐉ) may be attributed to blocking of the hydroxy groups on Alhagi cellulose by carboxyl groups through esterification. Figure 3 shows the effect of temperature over the range 100-150°C on the extent of esterification of AR with tartaric acid. The data show that the carboxyl group content of ACT increased from 138 to 514 mequiv/100 g sample as the temperature increased in the above range. This enhancement in carboxyl group content is a direct consequence of the favourable effect of temperature on (a) the swelling and accessibility of the cellulose component of AR, (b) the conversion of tartaric acid to tartaric acid anhydride and (c) the mobility of tartaric acid anhydride molecules and their collision with the cellulose hydroxy groups of AR to form ACT. Reaction temperatures above 150°C were not employed due to the conversion of the cellulosic material to ash. Figure 4 shows the extent of modification of AR when the latter was subjected to tartaric acid treatment at a fixed temperature (140°C) for different time lengths. It is clear from the figure that the carboxyl group content of ACT increased significantly from 372 to 486 mequiv/100 g sample when the reaction time was increased from 30 to 120 min, but then decrease when the reaction time was increased further above 120 min.
Factors affecting the esterification of Alhagi residues
Effect of tartaric acid concentration
Effect of reaction temperature
Effect of dehydration time
The increase in the carboxyl group content by prolonged reaction is a direct consequence of the favourable effect of time on the formation of tartaric acid anhydride and the mobility of these molecules in their reaction with the cellulose hydroxy groups of Alhagi residues to form ACT. The decrease in the carboxyl group content of ACT when the reaction time was extended above 120 min is a direct consequence of the unfavourable (catalytic) effect of time on the formation of carboxyl groups on Alhagi cellulose. Table 2 shows the effect of the particle size range on the extent of esterification of AR. It is clear that, within the range examined (50-400 µm), the smaller the Alhagi particle size range, the greater the carboxyl group content of the resulting esterified ACT. The enhancement in the carboxyl group content could be interpreted in terms of the larger surface area of smaller particles being available for esterification.
Effect of adsorbent particle size range
Factors affecting the adsorption of Zn(II) onto esterified ACT
Effect of the pH of the adsorbate
The pH of the aqueous solution containing metal ions is an important parameter in adsorption processes (Elliot and Huang 1981) . Figure 5 shows the effect of pH on the adsorption capacity of ACT towards Zn(II) ions over the pH range 2.0-6.5 at a fixed initial metal ion concentration of 200 mg/ᐉ. It is clear from this figure that the adsorption capacity increased from zero to 156 mg/g on increasing the pH of the adsorbate from 2.0 to 5.0 and then decreased with further increase of pH within the range studied. The adsorption of Zn(II) ions onto the surface of ACT occurs via an ion-exchange mechanism as shown in equations (3) and (4): (3) (4) where M 2+ denotes the metal ion. Equation (3) represents deprotonation, which is the first stage in ion exchange, while equation (4) represents the attachment or adsorption of the metal cation onto the deprotonated surface. It is clear from Figure 5 that the adsorption capacity, q e , of ACT towards Zn(II) ions was zero at pH 2. This is because the high concentration of H + ions present in the solution at this pH shifts the equilibrium depicted in equation (3) mainly to the left. This implies that the active -COOH groups are not ionized and, hence, the ion-exchange sites on the ACT surface are still protonated.
The increase in the adsorption capacity, q e , brought about by increasing the pH value up to 5 could be attributed to the ion-exchange sites becoming increasingly ionized and the metal ions becoming adsorbed according to equation (4). The decrease in the adsorption capacity above pH 5 could be attributed to the decrease in the positive charge of the Zn(II) species. Adsorption studies could not be carried out at pH values above 6.5 because of the conversion of Zn(II) ions to zinc hydroxide.
Effect of adsorbent dose
The effect of adsorbent dose on both the adsorption capacity and the percentage removal of Zn(II) ions onto ACT were studied at pH 5 employing adsorbent doses within the range 1-9 g/ᐉ and at a fixed initial metal ion concentration of 300 mg/ᐉ. It is apparent from the corresponding data depicted in Figure 6 that the percentage removal of Zn(II) ions increased with the increasing adsorbent dosage, which may be due to the increase in the surface area of the adsorbent and the availability of more adsorption sites (Hashem et al. 2007b ).
On the other hand, the adsorption capacity (q e ) or the amount of Zn(II) ions adsorbed per unit mass of adsorbent decreased with increasing adsorbent dosage. This behaviour may be due mainly to overlapping of the adsorption sites as a result of the overcrowding of adsorbent particles in the system and also to the competition amongst Zn(II) ions for surface sites (Hashem 2006) . Figure 7 shows the effect of agitation time at various initial adsorbate concentrations on the adsorption capacity of ACT towards Zn(II) ions. It will be seen that the adsorption capacity increased with increasing agitation time and initial concentration of the adsorbate, remaining virtually constant after equilibrium had been attained. The time necessary to achieve equilibrium increased with increasing adsorbate concentration, being 30, 45 and 60 min for adsorbate concentrations of 270, 360 and 540 mg/ᐉ, respectively. This contact time, which is one of the parameters for economical wastewater treatment plant operations, is quite small.
Effect of agitation time
Adsorption kinetics
In order to characterize the kinetic behaviour of a reaction, it is desirable to determine how the reaction rate varies with time. The first-order kinetic equation of Lagergren (1898) has been widely used to describe solute adsorption onto various adsorbents. This equation may be written as:
where q e and q t are the amounts of metal ion adsorbed on the adsorbent at equilibrium and at time t, respectively, and k 1 (min -1 ) is the rate constant for the first-order adsorption process.
The plots of log(q e -q t ) versus t derived from equation (5) indicating that application of this first-order rate expression to the data obtained in the present study was not valid. Another widely used kinetic expression is the pseudo-second-order rate expression (Ho and McKay 1999) , where the sorption capacity is assumed to be proportional to the number of active sites occupied by the adsorbate molecules on the adsorbent surface. The pseudo-second-order kinetic rate law can be expressed as: (6) where k 2 is the second-order adsorption rate constant. The other quantities in the equation have the same meaning as in equation (5) above. If the pseudo-second-order kinetic equation [equation (6)] is applicable, the plot of t/q e versus t should be linear. The corresponding linear plots depicted in Figure 8 agree well with the experimental data obtained in the present study and demonstrate high correlation coefficients. This indicates that the adsorption of Zn(II) ions onto ACT follows pseudo-second-order kinetics. The experimental and calculated adsorption capacity for three concentrations of Zn(II) ions studied as well as the corresponding values of the pseudo-secondorder rate constant, k 2 , are listed in Table 3 . A. Hashem et al./Adsorption Science & Technology Vol. 26 No. 9 2008 Neither the first-order nor the pseudo-second-order kinetic models can identify the diffusion mechanism. Consequently, the kinetic results have been analyzed using the intra-particle diffusion model. This model (Weber and Morris 1962) can be written as:
where k p is the intra-particle diffusion rate constant [mg/(g min 1/2 )] and q t is the amount of solute adsorbed per unit mass of adsorbent at a given time t (min). The diffusion process involves the transport of the adsorbate from the bulk solution to the interior surface of the pores in ACT, with the rate of diffusion being the controlling step in the adsorption process. Accordingly, the data for the amount of Zn(II) ions adsorbed versus time at initial Zn(II) ion concentrations of 270, 360 and 540 mg/ᐉ were further employed to calculate the rate parameter for intra-particle diffusion, k p , via equation (7). The corresponding plots of q t versus t 1/2 for these initial Zn(II) ion concentrations are shown in Figure 9 . It will be noted from the figure that the plots of q t versus t 1/2 were curved at small time limits due to the mass-transfer effect. However all three plots display the same features -an initial curved portion followed by a linear portion and a plateau. The initial curved portion is attributed to bulk diffusion, while the linear portion corresponds to intra-particle diffusion. The values of k p [mg/(g min 1/2 )] obtained from the slope of the linear portions of these curves ( Figure 10 ) are listed in Table 4 , together with the values of R 2 for the three plots. The values of the intercept, C, in Table 4 provide some idea of the boundary layer thickness, i.e. the larger the intercept, the greater the boundary layer effect (Nagarethinam and Mariappan 2001) . These values also support the view that the adsorption of Zn(II) ions onto ACT may follow the intra-particle diffusion mechanism.
Adsorption mechanism
The removal of Zn(II) ions from aqueous solution onto the surface of ACT may be described by two mechanisms, viz.:
1. Ion exchange with the hydrogen ions associated with the carboxyl groups in ACT, which result from the high-temperature treatment of AR with tartaric acid, and the cationic Zn(II) ions in the solution in the manner shown previously in equations (3) and (4) above. 2. An adsorption mechanism which may involve four steps: (a) migration of the adsorbate from the bulk of the solution to the surface of the adsorbent (ACT), (b) diffusion of the adsorbate through the boundary layer associated with the adsorbent surface, (c) adsorption at the active sites on the surface of ACT and (d) intra-particle diffusion of Zn(II) ions into the interior pores of ACT.
Adsorption isotherms
The adsorption isotherm indicates how the adsorbate molecules are distributed between the liquid phase and the solid phase when the adsorption process attains equilibrium. Analysis of the isotherm data by fitting them to different isotherm models is an important step in finding a suitable model that can be used for design purposes (El-Geundi 1991) . Figure 11 shows the adsorption isotherms of Zn(II) ions onto ACT for different initial adsorbate ion concentrations. Adsorption data for a wide range of adsorbate ion concentrations are most conveniently described by theoretical adsorption isotherms, such as those advanced by Langmuir and Freundlich, which relate the adsorption capacity, q e (metal uptake per unit weight of adsorbent), to the equilibrium adsorbate concentration in the bulk fluid phase, C e . The corresponding theoretical isotherms may be expressed as follows.
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where q e is the amount of solute adsorbed per unit weight of adsorbent (mg/g), C e is the equilibrium concentration of solute in the bulk solution (mg/ᐉ), Q max is the maximum adsorption capacity (mg/g) and b is a constant related to the free energy of adsorption. Hence, if the adsorption data conform to Langmuir's isotherm, the plot between C e /q e and C e must be linear. Figure 12 illustrates that the adsorption data for Zn(II) ions onto ACT obtained at pH 5 and different temperatures also gave linear plots in accordance with the Langmuir isotherm. The maximum adsorption capacities (Q max ) and the Langmuir constants (b) calculated from these plots are listed in Table 5 . As shown by the data listed in this table, the adsorption capacity, Q max , of ACT at pH 5 decreased with increasing temperature. This decrease at higher temperatures may be attributed to inactivation of the adsorbent surface (Namasivayam and Ranganathan 1995). However, the value of the correlation coefficient, R 2 , at all the temperatures studied was > 0.991, indicating that the adsorption of Zn(II) ions by ACT was well fitted by the Langmuir isotherm. The essential characteristics of the Langmuir model can be expressed in terms of a dimensionless constant separation factor or equilibrium parameter, R L , which describes the type of isotherm (Hall et al. 1966) and is defined as: (10) where b is the Langmuir constant (ᐉ/mg) and C 0 is the initial metal ion concentration (mg/ᐉ). The parameter, R L , shows the shape of the isotherm according to Table 6 . The values of R L for the adsorption of Zn(II) ions at different initial concentrations onto ACT at the temperatures studied are listed in Table 7 . It is clear from this table that the values of R L all lie in the range 0 < R L < 1, indicating that the adsorption process was favourable at all the temperatures studied.
The Freundlich isotherm
The Freundlich model (Freundlich 1906) was also applied to the data for the adsorption equilibrium process studied. This equation can be written as:
(non-linear form) where q e is the amount of solute adsorbed per unit weight of adsorbent (mg/g), C e is the equilibrium concentration of solute in the bulk solution (mg/ᐉ), K F is a constant indicative of the relative adsorption capacity of the adsorbent (mg/g) and n gives an indication of the favourability of the adsorption process, where the range 1 < n < 10 applied in the present case. The Freundlich plots for Zn(II) ions onto ACT at pH 5 and 30, 40, 50 and 60°C are depicted in Figure 13 . The Freundlich constants, i.e. 1/n and K F , were calculated from the slope and intercept of the Freundlich plots at the four temperatures employed, and the corresponding results are listed in Table 8 . The values of the correlation coefficient, R 2 , listed in this table indicate that the adsorption data for Zn(II) ions onto ACT were not well fitted by the Freundlich isotherm. Indeed, comparison of the data for the correlation coefficients listed in Tables 5 and 8 supports this viewpoint.
Thermodynamic parameters
The original concepts of thermodynamics assume that in an isolated system, where energy cannot be gained or lost, the entropy change is the driving force. In environmental engineering practice, both energy and entropy factors must be taken into account in determining what processes will occur spontaneously. Thermodynamic parameters such as the standard free energy (∆G 0 ), the enthalpy change (∆H 0 ) and the entropy change (∆S 0 ) have been calculated for the present system using the following equations (Gupta 1998).
The standard free energy change (∆G 0 ) was calculated from equation (13):
where K L is the equilibrium constant, R is the universal gas constant [8.31441 J/(mol K)] and T (K) is the absolute temperature. The equilibrium constant, K L , can be used via the Van't Hoff equation to determine the enthalpy change, ∆H 0 , of adsorption as a function of temperature:
where K L1 and K L2 are the Langmuir constants at 30°C and 40°C (303 K and 313 K), respectively.
The negative values of ∆G 0 (Table 9 ) indicate the spontaneous nature of the adsorption of Zn(II) ions onto ACT. The negative values of ∆H 0 in the range 30-40°C (303-313 K) listed in Table 9 suggest that the adsorption process was exothermic over this temperature range, while the corresponding positive values of ∆H 0 in the range 40-60°C (313-333 K) suggest that the process was endothermic over this range. The entropy change (∆S 0 ) was calculated from equation (15):
The negative value of ∆S 0 in the range 30-40°C (303-313 K) shows the decrease in randomness at the solid/solution interface during the first stage of the adsorption process, whereas the positive values of ∆S 0 in the range 40-60°C (313-333 K) shows the increase in randomness at the solid/solution interface during the adsorption of Zn(II) ions onto ACT.
CONCLUSIONS
Alhagi residues were esterified by treatment with tartaric acid at elevated temperatures to obtain the corresponding tartrate, ACT. Factors affecting the esterification of AR were investigated. These were the citric acid concentration, the particle size of the residues, the dehydration time and temperature. The ACT samples thus prepared were characterized by FT-IR spectral analysis and by the estimation of their carboxyl group content. Utilization of ACT for the removal of Zn(II) ions from aqueous solution was examined.
The results indicated that the adsorption capacity of ACT towards Zn(II) ions was affected by the pH, adsorbent concentration, agitation time, initial metal ion concentration and temperature. The Langmuir and Freundlich adsorption models were used for the mathematical description of the equilibrium adsorption data of Zn(II) ions onto ACT at 30, 40, 50 and 60°C, respectively. The results obtained showed that the adsorption equilibrium data were well fitted by the Langmuir model but not by the Freundlich model.
The negative values of ∆G 0 obtained via the appropriate thermodynamic relationship indicated the spontaneous nature of the adsorption process. Similarly, the negative values of ∆H 0 obtained over the temperature range 30-40°C (303-313 K) indicated that the adsorption process was exothermic over this range, whereas the positive values of ∆H 0 in the range 40-60°C (313-333 K) suggested that the process was endothermic in this range. The negative values of ∆S 0 over the range 30-40°C (303-313 K) indicated that a decrease in randomness occurred at the solid/solution interface during the first stage of the adsorption process, while the positive values of ∆S 0 over the range 40-60°C (313-333 K) indicated an increase in randomness at the solid/solution interface during the adsorption of Zn(II) ions onto ACT.
